A B S T R A C T We studied the acute renal metabolic response in rats made acidotic by a single oral dose of ammonium chloride. Cortical slices from acutely (2-h) acidotic rats utilized more glutamine and produced more ammonia and glucose from glutamine than slices from normal animals. When cortical slices from normal rats were pretreated in vitro with plasma isolated from acutely acidotic rats, they achieved similar increases in glutamine utilization, ammonia formation, and gluconeogenesis from glutamine. We did not observe such stimulation in normal cortical slices pretreated in a low 1)H-low bicarbonate medium. Our data show that a nondialysable factor is present in plasma from acutely acidotic rats that may be responsible for the early increase in the urinary ammonia observed in such animals.
INTRODUCTION
The mechanism whereby the kidney increases ammonia formation in response to acidosis is still unclear, although several proposals have been made that have been critically reviewed recently (1) . There is no doubt, however, that after an acid load is given to a rat, there is a rise in urinary ammonia within 1 h (2) . Further, cortical slices, taken from the kidneys of rats given ammonium chloride 2 h before, show an increase in ammoniagenic capacity (2) . In contrast, it has been shown that when renal slices are incubated at an acid pH, no increase in ammonia production can be demonstrated (3) . Since comparable degrees of extracellular acidosis can be achieved in vitro as well as in vivo, it seemed likely to us that it was not the actual pH change that was operative. It seemed to us that the kidDr. Roobol is supported by a grant from the WVellcome Trust, London.
Received for publication 20.Ju (' 1973 (and in revised formn 27 August 1973. neys of acidotic rats were conditioned in vivo by some circulatory substance or substances. In order to demonstrate such a factor, it is critical that the acidosis be of short duration to avoid the adaptive enzyme changes that occur in prolonged acidosis (4, 5) .
The experiments reported here were undertaken to define the factor(s) responsible for the rapid increase in renal ammoniagenesis that occurs after an acid load. We have found that increased ammonia formation can be achieved in vitro by preincubating rat renal cortical slices in plasma isolated from acutely acidotic rats.
METHODS
Animals and tise preparation. Adult Sprague-Dawley rats of a locally bred strain (200-300 g body weight) were used. All animals were starved 18-22 h before experimentation. In any one experiment rats of the same sex were used. Acute metabolic acidosis was induced as described previously (2) . When plasma samples were required all animals were injected intraperitoneally with 250 U of heparin. After 5 min the animals were stunned and killed by decapitation, and the blood was collected. Blood samples were centrifuged at 1,200 g for 15 min in a refrigerated MSE 2L centrifuge (Measuring and Scientific Equipment Ltd., Crawley, Sussex, England), and the resulting plasmas kept on ice. Slices of kidney cortex were prepared as described previously (2) from kidneys removed from animals killed by cervical fracture.
Preincubation procedure. Media used for the preincubation were as follows: Krebs bicarbonate buffers containing 75 mg/100 ml glucose, 0.51 mM glutamine, with or without 8 g/100 ml bovine serum albumin (BSA) ', fraction V dialysed against the appropriate Krebs bicarbonate buffer overnight at 5oC; and 25 mM or 10 mM NaHCOs were gassed with 02+ CO2 (95: 5). The resulting pH's of these media were approximately 7.4 and 7.0, respectively, at 370C. When the NaHCO3 concentration was reduced to 10 
±0.4.
For each preincubation, 8-10 slices of kidney cortex from normal rats were placed in a 100-ml Erlenmeyer flask containing 12 ml of the appropriate medium, which was then gassed with 02 + C02 (95: 5), stoppered, and incubated for 2 h at 372C in a metabolic bath that oscillated at 100 cycles/min. After preincubation, the slices were removed from the medium and rinsed twice in 0.9%o NaCl before transfer to the subsequent incubation.
Incubation procedure. The medium used for incubation was Krebs bicarbonate buffer containing 25 mM NaHCOs, 1 mM CaC12, and 2 mM glutamine, unless otherwise stated. After gassing with 02 + C02 (95: 5) the pH of this medium was 7.4 at 370C. Each slice (untreated or preincubated as above) was placed in a 50-ml Erlenmeyer flask containing 5 ml of medium, which was then flushed with 02 + C02 (95: 5), stoppered, and incubated for 1 h at 370C in a metabolic bath that oscillated at 100 cycle/min.
After incubation, the slice was removed, placed on a weighed planchette, and dried at 1100C for 2 h. 0.5 ml of 10% perchloric acid was added to the medium and, after centrifugation to remove precipitated protein, the supernate was used for determination of ammonia, glucose, and glutamine content. Net glucose or ammonia formation was calculated as the difference in glucose or ammonia content of incubation media with and without substrate.
Assays. Medium glucose was determined by the glucose oxidase method (6) . Medium ammonia content was measured by the method of Kaplan (7) . Before determination of medium glutamine content, samples were neutralized with K2COs and methyl orange as indicator. Glutamine was determined as glutamate after glutaminase treatment (8) . Glutamate was measured spectrophotometrically by NADH formation in the presence of glutamic dehydrogenase (9) . Substrate utilization was calculated as the difference in substrate content of media incubated with and without slices.
Materials. All chemicals were AnalaR grade. Biochemicals and enzymes were purchased from the Sigma Chemical Co., St 
RESULTS
Untreated slices. Table I shows that cortical slices from acutely acidotic rats produced more ammonia and glucose from glutamine than slices from normal rats. Glutamine utilization by acidotic slices was also increased. There was actually a decrease in ammoniagenesis when cortex slices from normal rats were incubated at pH 7.0 (10 mM NaHCOs)- Table II . Acidosis in vitro enhanced glucose production only in the absence of calcium from the incubation medium (Table II, (Table III) . A decrease in preincubation medium pH and bicarbonate concentration did not lead to an increased capacity for ammonia formation from glutamine as shown in Table  III . The small decrease observed in ammoniagenesis by such slices was similiar to the decrease in ammonia formation by untreated slices incubated at the lower pH.
Preincubation in the presence of 8 g/100 ml BSA at pH 7.4 or 7.0 depressed the capacity of slices for ammoniagenesis from glutamine so that the rate of ammonia formation was similar to that of untreated slices from normal rats (Table III) .
Slices preincubated in rat plasma. Table IV . Preincubation in plasma from acidotic rats increased the capacity of slices from normal rats to produce ammonia and-glucose from glutamine when compared with slices preincubated in the plasma from normal rats. This effect on ammoniagenesis, but not gluconeogenesis, persisted in acidotic plasma adjusted to normal values of pH and bicarbonate content. Storage at 5PC for 24 h and dialysis did not diminish the ability of acidotic plasma to enhance the capacity of normal cortex slices for ammoniagenesis and gluconeogenesis. Increased ammonia formation was associated with increased glutamine utilization by the pretreated slices. DISCUSSION Before considering the significance of our data we would like to justify our use of the preincubation procedure. There are two reasons for use of the method. In previous studies of in vivo metabolic acidosis (2) cortical slices had been taken from normal and acidotic animals 2 h after an acid load and all slices had then been incubated in the same medium (25 mM NaHCO3, pH 7.4) for determination of ammonia and gluconeogenesis. For our in vitro study we wished to parallel this earlier procedure as closely as possible, i.e. by placing pretreated cortical tissue samples in the same final incubation medium. The preincubation procedure was also more practical than direct incubation because of the limited amounts of rat plasma available to us. The viability of cortical slices after 2 h of preincubation appeared satisfactory in that gluconeogenesis and ammoniagenesis were not impaired by this procedure. All preincubation media contained glucose at a normal fasting level in an attempt to minimize energy depletion of the slices during preincubation.
Our data clearly demonstrate that the effect of acute These data indicate that a specific factor, other than lowered bicarbonate content or pH, is present in acidotic plasma that enhances the capacity of the renal cortex for ammoniagenesis. Preliminary experiments, in which we have pretreated rat cortex slices with human plasma, indicate that the same or a similar factor may also be present in human plasma 2-5 h after an oral dose of ammonium chloride (0.1 g/kg body wt).
At present we can only speculate as to the mode of action of this plasma factor that increases renal cortex ammonia production. The rapidity of the response by the cortical slices would seem to rule out adaptive changes in de novo protein synthesis of enzyme. In our experiments, increased ammoniagenesis was consistently paralleled by increased glutamine utilization: the ratio of ammonia formed to glutamine utilized was not enhanced by pretreating slices with plasma from acidotic rats. If glutamine uptake is rate-limiting for ammonia formation, then it is possible that the acidotic plasma factor enhances ammoniagenesis by increasing the permeability of the cortical cell membrane towards glutamine. It is unlikely that a change in the permeability of the mitochondrial membrane towards glutamine is involved, since Simpson and Sherrard (11) have shown that cortical slices, but not mitochondria, from chronically acidotic dogs oxidize glutamine more rapidly than those from alkalotic dogs. In the experiments described here, the ratio of ammonia produced to gluta-mine utilized approaches unity. Other experiments ' show that a large fraction of the glutamine utilized can be accounted for as glutamate appearing in the incubation medium.
As far as we are aware this is the first demonstration that the effects of acute metabolic acidosis on renal cellular processes may be mediated through a circulating plasma factor. The specific nature of this factor and the exact mechanism of action are the subject of current investigation. We suggest that the acute response to an acid load is the release of this circulating factor, which increases the permeability of the cortical cell membrane towards glutamine and that this in turn is responsible for the rapid increase in ammoniagenesis observed. Other changes in the cortical cell associated with acidosis, such as increased gluconeogenic capacity, may be required to sustain this increased ammonia production.
